Background. Interstitial tissue acidosis resulting from abnormal perfusion and metabolism is a hallmark of cancer. The current study demonstrates that chemical exchange saturation transfer (CEST) MRI can be used as a noninvasive pH-weighted molecular imaging technique by targeting the chemical exchange between amine protons and protons in extracellular bulk water.
Tissue acidosis contributes directly to a microenvironment hospitable to cancer. Various studies have reported that tumor cells have alkaline intracellular pH values (7.1 -7.6 compared with 7-7.2 in normal tissues) and acidic extracellular pH values (6.2 -6.9 compared with 7.3 -7.4 in normal tissues). 1 This decrease in extracellular pH is thought to be directly due to tumor size 2 and altered blood flow, 3 leading to increased hypoxia. This lack of oxygen increases glycolysis 4 and results in accumulation of carboxylic acid 5 and/or lactic acid 6 in the extracellular space (Fig. 1A) . Additionally, active transport of protons out of tumor cells to maintain high intracellular pH results in further decreases in pH within the immediate environment. These effects are further exacerbated by a diminished buffering capability of tumor interstitial fluid along with limited elimination of lactic acid and protons into the blood vasculature.
This increase in extracellular acidity comes with dramatic consequences (Fig. 1A) , as it can be directly linked to the degree of tumor aggressiveness. A decrease in extracellular pH results in decreased immune function, 7 increased chromosomal rearrangements, 8 increased tumor invasion, 9 and increased angiogenesis through elevated vascular endothelial growth factor 10 and platelet-derived endothelial cell growth factor. 11 The decrease in extracellular pH also results in resistance to various (M) MTR asym (3.0 ppm) was significantly higher within the T2 hyperintense lesion compared with contralateral brain in n forms of therapy, including resistance to radiation therapy 12 and specific chemotherapies. 13 Thus, a noninvasive imaging method for spatially identifying regions of low tissue pH may be invaluable for early identification of malignant transformation, predicting early treatment resistance, as well as potentially detecting early tumor invasion, proliferation, angiogenesis, hypoxia, genetic mutations, and altered immune response.
The chemical exchange between amine and amide protons in bulk water has been shown to be pH dependent using a new imaging method called chemical exchange saturation transfer (CEST) imaging.
14 As the hydrogen ion activity in a solution changes, the chemical exchange rate between proton groups will change as well, which will affect the properties of CEST contrast. Since glutamine and other amino acids contain an amine and an amide group having different chemical shift frequencies (2.8 -3 .0 ppm and 3.5 ppm, respectively, compared with water protons) and the concentrations of mobile glutamine and other neutral amino acids are elevated in regions of active tumor because they are a major source of fuel for malignant tumors 15, 16 and transport systems are often amplified to increase glutamine consumption, 17 we hypothesized that CEST imaging targeting amine protons on glutamine would provide a higher CEST contrast at 2.8 -3.0 ppm (Fig. 1B ) and result in a novel imaging biomarker for mapping regions of low pH which may be specific to viable tumor microenvironments. The elevated levels of amino acids in areas of active tumor should serve to amplify, rather than dilute, the CEST contrast in regions of low pH. In the current study, we demonstrate that the amine proton CEST signal increases with increasing amino acid concentration and decreasing pH, and that this pH-weighted molecular MRI technique can be used to provide new insight into brain tumor physiology and behavior beyond traditional structural and functional imaging technologies.
Methods

Chemical Exchange Saturation Transfer MRI Theory
CEST MRI is sensitive to the chemical exchange between exchangeable protons on metabolite functional groups (eg, hydroxyls, amides, amines) through nuclear magnetic resonance (NMR) saturation of these protons using radiofrequency excitation with frequencies off-resonance from bulk mobile water protons, and then measuring the indirect effects on the mobile water NMR signal traditionally used for MRI. As off-resonance excitation and the resulting saturation of the mobile water pool can arise due to a number of factors, including magnetization transfer from the semisolid macromolecular pool and spillover effects from bulk water excitation, CEST data for each image voxel are analyzed by calculating the magnetization transfer ratio asymmetry (MTR asym ) as given by:
where S(Dv) and S(2Dv) are the magnitude of the MR signal acquired using an irradiation frequency Dv or 2Dv from water (referenced at 0 ppm), and S 0 is the MR signal acquired using no off-resonance saturation pulse used for normalization. All calculations were performed on a voxel-by-voxel basis. For the CEST experiment, a series of MR images were acquired using a range of off-resonance irradiation frequencies, producing a "z-spectrum," represented by the function MTR asym (Dv) for each image voxel. The resulting pH-weighted molecular MR images were then generated by calculating MTR asym (3.0 ppm), targeting the amine protons on glutamine or other neutral amino acids.
Phantom Preparation
In order to determine the dependence of glutamine CEST on pH and concentration, we prepared 50-mL samples of 25 mM, 50 mM, and 100 mM glutamine in distilled water. For each concentration, 24 samples at different pH varying from 4.0 to 8.6 in intervals of 0.2 were created by titrating 0.1 M HCl or NaOH and using a pH meter accurate to 0.1 pH units. In order to demonstrate that this effect is similar for other neutral amino acids, we prepared a similar set of samples using 100 mM glycine dissolved in distilled water at pH values 4.0 -8.6 in units of 0.2, and a set of samples with 100 mM phenylalanine dissolved in distilled water at pH values 4.0-8.6 in units of 0.2.
Phantom Imaging
Due to the large number of samples evaluated, each set of 24 vials with various pH values was split into 3 scans of 8 samples each. The samples were held stationary in a bath of roomtemperature water (218C). For each set of samples, 51 z-spectral points were acquired from 25.0 ppm to +5.0 ppm in units of 0.2 ppm. Schmitt and colleagues 18 previously demonstrated that when pulsed-wave saturation is necessary, as is the case with clinical imaging where radiofrequency energy deposition is limited for safety, pulses of 100 ms at 50% duty cycle generate maximum contrast in CEST experiments. Therefore, a saturation pulse train consisting of fifteen 100-ms pulses (50% duty cycle) at an amplitude of B1 ¼ 2.0 mT was applied, followed by a 90-degree excitation pulse and gradient echo readout. Other parameters are included in the Supplementary Materials.
Scan times were restrained clinically, necessitating a reduction in the saturation pulse train length during collection of clinical patient data. The final clinical protocol was based on empirical data (not shown) suggesting that a train length of five 100-ms radiofrequency pulses with 50% duty cycle and amplitude of 5 mT will result in 85% -95% maximum saturation at 3.0 ppm when evaluated using 100 mM glutamine at pH ¼ 5. Additionally, we explored the CEST effects for various field strengths using a 1.5T Siemens Avanto human MR scanner, a 3T Siemens Trio human MR scanner, and a 7T Bruker Biospec preclinical MR scanner.
Animal Preparation
To test the efficacy of glutamine CEST as a pH-weighted biomarker using a preclinical 7T small animal MR scanner, female C57BL/6 mice (6 -8 wk of age) were evaluated. One C57BL/6 mouse was injected with phosphate buffered saline (PBS; control) while 9 C57GL/6 mice were injected with 2 × 10 6 GL261 glioma cells and allowed to grow for 14 days. All procedures and protocols used in the current study were approved by the UCLA Institutional Animal Care and Use Committee to ensure proper animal care.
mMR Acquisition
Mice were sedated with 1% -3% isoflurane under O 2 /N 2 flow, and respiration was monitored. Mice were kept warm with water heated to 378C circulated using a TP500 water pump (Gaymar Solid State). All images were acquired on a 7T Bruker Biospec system with a custom-built 2.2-cm RF birdcage coil. Each mouse was scanned ,1 h. We collected a series of anatomical images as well as pH-weighted MR images in these mice. Pre-and postcontrast 3D T1-weighted anatomical images were collected using a 3D fast low flip angle acquisition technique. Prior to contrast administration, pH-weighted CEST images were collected using a 2D gradient echo acquisition technique. Total CEST scan time was 10.5 min.
Human Patients
A total of 25 patients with histologically confirmed primary gliomas (World Health Organization [WHO] grades II -IV) were enrolled in this prospective clinical trial funded by the National Institutes of Health, compliant with the Health Insurance Portability and Accountability Act, and approved by the institutional review board at our institution. A total of 3 patients received CEST imaging, single-voxel MR spectroscopy and
F-FDOPA) PET imaging within 1 month for direct comparison; 2 patients received stereotactic pH-image -guided biopsies (a suspected low-grade glioma and a suspected recurrent glioblastoma); and 20 patients with histologically confirmed glioblastoma were evaluated at 3 time points-(i) baseline: postsurgical and prior to radiochemotherapy; (ii) midtreatment: 3 weeks after the start of radiochemotherapy; and (iii) posttreatment: 6 -10 weeks after the start of radiochemotherapy, or 0 -4 weeks after completion of concurrent radiation and chemotherapy. All glioblastoma patients evaluated underwent maximal surgical resection followed by standard treatment with radiotherapy and concurrent temozolomide. Follow-up scans were also obtained in these patients for comparison and radiographic response as determined by the Response Assessment in NeuroOncology criteria. 19 
Clinical 3T Imaging
Standard anatomic MRI
All patients underwent standard clinical MRI on a 3T MR system (Siemens 3T Trio) that included pre-and postcontrast (gadolinium [Gd] diethylenetriamine pentaacetic acid [DTPA] at a dose of 0.1 mmol/kg body weight; Magnevist) axial T1-weighted magnetization prepared rapid gradient echo (MPRAGE), axial T2-weighted, and axial fluid-attenuated inversion recovery (FLAIR) sequences.
Physiologic imaging
In addition to structural MRI, patients received 64 direction diffusion tensor imaging (DTI), dynamic susceptibility contrast Harris et al.: pH-weighted MRI in gliomas (DSC) perfusion MRI and single-voxel NMR spectroscopy (see Supplementary Materials). Prior to DSC-MRI acquisition, a 0.025 mmol/kg pre-load dose of Gd contrast agent was administered to diminish the T1 effects of contrast agent extravasation. 20 A 3-to 5-cc/s bolus of Gd-DTPA, administered at a dose of 10 -20 cc (0.075 mmol/kg), was used in the acquisition of DSC as well as the subsequent postcontrast T1-weighted images (total of 0.1 mmol/kg). Parametric maps of cerebral blood volume (CBV) and cerebral blood flow (CBF) were calculated using commercially available postprocessing software (IB Neuro v2.0, Imaging Biometrics) including contrast leakage correction. 21 DTI and DSC-MRI were only used for qualitative comparison in some patients for this study. Single-voxel NMR spectroscopy was performed at 3T using a standard point resolved spectroscopy sequence with short echo (30 ms).
Clinical pH-weighted CEST imaging
A total of 1 to 5 slices of CEST images with varying z-spectral points ranging from 5 to 51 and from 25.0 ppm to +5.0 ppm were acquired in clinical patients. A radiofrequency saturation pulse train of three 100-ms pulses (50% duty cycle) at B1 ¼ 6.0 mT was applied, followed by a 70-degree excitation pulse and gradient echo readout. For biopsy patients, 3 slices were acquired through the largest extent of the tumor using spectral points acquired at 0, +0.125, +0.25, +0.375, +0.5, +2.5, +2.75, +3.0, +3.25, and +3.5 ppm, rather than a full z-spectrum with a single slice. All other CEST scan parameters are in Supplementary Materials.
CEST Postprocessing and Analysis
All CEST data were motion corrected and inhomogeneity corrected prior to analysis. Motion correction was performed using the mcflirt function in FMRIB Software Library (Functional Magnetic Resonance Imaging of the Brain; http://www. fmrip.ox.ac.uk/fsl/). Inhomogeneity correction consisted of defining the lowest-intensity point in the z-spectrum of each voxel as the central water frequency and shifting the other data points in that voxel's z-spectrum accordingly. 22 For the phantom experiments, a circular region of interest was drawn on each sample and the mean value for each spectral point was calculated to obtain the average z-spectra for a sample. MTR asym at 3.0 ppm was calculated from these z-spectra for each sample. For each patient, the postcontrast T1-weighted image and CEST data were registered and interpolated to the resolution of the T2-weighted FLAIR images. Voxelwise maps of MTR asym at 3.0 ppm were calculated from the CEST data.
In order to test whether there was a difference in MTR asym at 3.0 ppm as a function of pH between three neutral amino acids (glycine, glutamine, and phenylalanine), we applied the simple competitive inhibitor equation:
where a is the MTR asym at 3.0 ppm for high pH environments, b is the MTR asym at 3.0 ppm for low pH environments, d is the sensitivity of MTR asym at 3.0 ppm to changes in pH, and k is the pH required for 50% of the maximum span in MTR asym measurements at 3.0 ppm between high and low pH limits.
6-[18F] Fluoro-L-Dopa Positron Emission Tomography
A subset of patients (n ¼ 3 with matching MR spectroscopy and n ¼ 2 biopsy patients) received 18 F-FDOPA PET to scans to confirm the presence of metabolically active tumor. 18 F-FDOPA PET scans were acquired using a high-resolution full-ring PET scanner (ECAT-HR; CTI/Mimvista). Patients were instructed to fast for more than 4 h prior to PET acquisition. 18 F-FDOPA was synthesized and injected intravenously, injected doses averaging 125.4+22.9 MBq, 1.54+0.37 Bq/kg. A CT scan was acquired prior to PET for attenuation correction. 3D
18 F-FDOPA emission data were acquired 10 min after radiotracer injection for a total of 30 min. Data were integrated between 10 and 30 min from injection to obtain 20-min static 18 F-FDOPA images following reconstruction. PET images were reconstructed using an ordered-subset expectation maximization iterative reconstruction algorithm consisting of 6 iterations with 8 subsets. 23, 24 Lastly, a Gaussian filter with a full width at half maximum of 4 mm was applied. Uptake levels were normalized to the basal ganglia to highlight areas of abnormal 18 F-FDOPA uptake in the tumor.
Stereotactic Image -Guided Biopsies and Tissue Processing
Stereotactic pH-image -guided biopsies were performed in 2 patients. Each patient's pH-weighted image was overlaid on the postcontrast MPRAGE image for localizing of targets. When no enhancing lesion was present, T2/FLAIR images were used for target localization. The first patient was a suspected low-grade glioma biopsy patient. One region of elevated CEST contrast consistent with low pH and one region of low CEST contrast consistent with normal pH were biopsied. Standard hematoxylin and eosin (H&E) staining was performed as well as immunohistochemistry staining for Ki-67 expression. Sections of 5 microns were cut from formalin-fixed paraffinembedded samples and processed for immunohistochemical detection of Ki-67 (Clone VP-RM04, rabbit monoclonal, 1:100 dilution, Vector Laboratories). Appropriate positive and negative controls were used to ensure good immunohistochemical staining. The second patient was a glioblastoma patient with suspected recurrence. Two regions of elevated CEST contrast consistent with acidic tissue and one region with low CEST contrast were biopsied, then H&E staining was performed and reviewed by a board certified neuropathologist blinded to the specific targets.
Comparison of Progression-Free Survival After Radiochemotherapy in Acidic Versus Non-Acidic Glioblastoma
In order to assess whether tumors with low pH signatures on CEST at baseline were more likely to have a shorter PFS after treatment with radiochemotherapy, we scored each tumor based on the amount of elevated CEST signal at 3.0 ppm. In particular, we defined "acidic" lesions as containing a
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Neuro-Oncology 5 of 11 substantial proportion (.50%) of positive CEST asymmetry at 3.0 ppm within areas of contrast enhancement and/or T2 or FLAIR hyperintensity. Alternatively, patients were scored as having "non-acidic" lesions if a significant portion of the lesion did not show an elevated CEST signal. Next, we subjectively scored each lesion as "increasing" or "stable/decreasing" on pH-weighted MR scans before, during, and after radiochemotherapy in order to determine whether changes in the acidic lesion size could be used as an early response metric. Log-rank tests on Kaplan -Meier data were used to describe differences in progression-free survival (PFS) between these patient groups.
Results
The CEST z-spectrum in pH-varying samples containing glutamine illustrated reduced normalized signal intensity of the bulk water pool (S(v)/S 0 ) during off-resonance irradiation around 3.0 ppm (Fig. 1C) , and asymmetry of the z-spectrum (MTR asym ) increased with decreasing pH of glutamine solution (Fig. 1D) , which is consistent with the expected CEST contrast of amine protons on the glutamine molecule undergoing chemical exchange with bulk water. This CEST effect and pH-dependency around amine proton resonance also increased with increasing glutamine concentration ( Fig. 1E and F) . As the expected amino acid concentration in normal brain is 20-25 mM, 25 and other similar fast-exchanging amine groups will give rise to additional signal at 3.0 ppm, CEST signal due to these amine protons should be detectable in vivo. The sigmoidal relationship between MTR asym and pH is suggestive of a cooperative (or inhibitory) exchange process and is consistent with the Bloch-McConnell equations. 26 Interestingly, we observed an apparent contradictory increase in MTR asym at 3.0 ppm with increasing temperature (Fig. 1F) ; this may be explained by the competing effects from spin-spin relaxation (ie, T2 relaxation rate), which increases with increasing temperature, reducing the line width and increasing the available NMR signal at a given resonant frequency.
Results of the simple competitive inhibitor equation fit suggest no significant difference in the MTR asym at 3.0 ppm for high pH values between the neutral amino acids ( Fig. 1G; P . .05 for all model parameters), supporting the hypothesis that pH dependence on the amine proton CEST signal may be similar between neutral amino acids with similar chemical composition.
Next, we explored the dependence of MTR asym and pH on the MR scanner field strength. Using Equation 1 to describe the relationship between MTR asym at 3.0 ppm and pH, results suggested that the pH required for 50% of the maximum span in MTR asym at 3.0 ppm between high and low pH limits, or k, was significantly lower on 1.5T scanners compared with both 3T and 7T, suggesting that 1.5T MR scanners may not provide adequate CEST signal for the range of pH values typically observed in tumors ( Fig. 1H ; nonlinear regression; k for 1.5T vs 3T, P ¼ .0012 and k for 1.5T vs 7T, P ¼ .0440). Results also suggested that the relationship between MTR asym and pH was similar between 3T and 7T scanners for all parameters besides the CEST asymmetry at high pH, which was slightly lower at 7T ( Fig. 1H ; Nonlinear regression; a, P ¼ .7885; d, P ¼ .1166; k, P ¼ .1933; and b, P ¼ .0129). Additionally, results suggested no difference in the actual sensitivity of MTR asym at 3.0 ppm to changes in pH between the 3 field strengths (d for 1.5T vs 3T, P ¼ .7924; d for 1.5T vs 7T, P ¼ .1470, and d for 3T vs 7T, P ¼ .1166) and no differences between the maximum MTR asym at very low pH (a for 1.5T vs 3T, P ¼ .2311; a for 3T vs 7T, P ¼ .7885; and a for 1.5T vs 7T, P ¼ .3422). Together, these results suggest that pH-weighted MRI using endogenous amino acid CEST should be performed at high field strengths in order to ensure adequate contrast for the range of pH values commonly observed in cancer tissues.
We then conducted a series of preclinical pH-weighted MRI experiments at 7T in C57BL/6 mice injected either with PBS (control) or 2 × 10 4 GL261 glioma cells. Results showed avid contrast enhancement and significantly higher MTR asym ( Fig. 1M ; paired t-test, P ¼ .0002; mean MTR asym in tumor ¼ 6.3% vs 3.6% in contralateral tissue) when evaluated at an irradiation frequency of 3.0 ppm offset in tumor, which was not observed in the control animals ( Fig. 1I and J) . H&E histology confirmed that the areas showing an acidic signature were composed of relatively hypercellular, highly necrotic tumor tissue ( Fig. 1K and L) .
To demonstrate that CEST contrast at 3.0 ppm is elevated in human brain tumors under conditions where low pH is thought to occur, we assessed a series of high-grade gliomas (WHO III -IV) using pH-weighted MRI, 18 F-FDOPA PET, and single-voxel MR spectroscopy. Results demonstrated a positive MTR asym on CEST at 3.0 ppm in regions with elevated 18 F-FDOPA PET uptake and elevated lactate concentration (Fig. 2) , implying that highly aggressive tumors with elevated amino acid uptake for fuel and increased lactic acid in solution from oncologic metabolism under hypoxic conditions will consistently generate an acidic tumor signature using CEST MRI at 3.0 ppm.
To confirm that regions suspected of containing acidic tissue on pH-weighted MRI contained viable tumor, we performed pH-weighted MR-guided biopsies in 2 patients. The first patient was a 26-year-old male with a large area of T2 hyperintensity, suggestive of tumor, but no contrast enhancement (Fig. 3A and B) . 18 F-FDOPA PET, perfusion MRI, and diffusion MRI were also negative. An acidic signature consistent with tumor on inferior aspects was shown on pH-weighted MRI (Fig. 3A) , whereas superior regions did not demonstrate this signature (Fig. 3B) . Biopsy results confirmed that inferior regions contained low-grade glioma tissue with low proliferation rate (Ki-67, 1%-2%) but high expression of hypoxia-inducible factor-1a, whereas superior regions did not show evidence of tumor. The second patient was a 47-year-old male with suspected recurrent glioblastoma. Upon scanning this patient, pH-weighted MRI suggested extensive acidic tumor regions and elevated 18 F-FDOPA uptake confined to areas of enhancement (Fig. 3C) . Three biopsies were performed (Fig. 3D) , and areas that demonstrated acidic tumor signatures were histologically confirmed to contain recurrent tumor (yellow and red targets), whereas areas lacking CEST contrast at 3.0 ppm (blue target) were shown to contain extensive necrosis and macrophage infiltration consistent with treatment effects. Together, these results suggest pH-weighted MRI using amine CEST may provide high specificity for metabolically active tumor regions.
To test the hypothesis that an acidic microenvironment increases resistance to radiation 12 and chemotherapies 13 in human brain tumors, we performed pH-weighted imaging before, during, and after radiation therapy and temozolomide in Harris et al.: pH-weighted MRI in gliomas 20 patients with newly diagnosed glioblastoma (Fig. 4) and examined differences in PFS. Patients with tumors that were acidic at baseline following surgical resection but prior to radiation and temozolomide (Fig. 4A) , defined by a significant region (.50%) of positive CEST asymmetry at 3.0 ppm within areas of contrast enhancement and/or T2 or FLAIR hyperintensity, demonstrated a significantly longer PFS compared with patients lacking significantly acidic tumors ( Fig. 4A -C ; log-rank, P , .0001; median PFS for acidic tumors vs non-acidic tumors ¼ 125 days vs 450 days). Areas with low pH at baseline often forecasted regions of subsequent tumor growth on contrast-enhanced MRI (Fig. 4A) . Although not completely colocalized, examination of CBF maps in these patients confirmed that regions with acidic signatures often occurred in areas of low perfusion, consistent with a high level of hypoxia. Additionally, patients exhibiting an increase in the size of acidic lesions during concurrent radiation and temozolomide (Fig. 4D) had a significantly shorter PFS from the end of radiation therapy compared with tumors exhibiting stable or decreasing acidic lesion size ( Fig. 4E ; log-rank, P ¼ .0003; median PFS in acidic growing tumors ¼ 68 days vs 339 days), implying that acidic tumor size may be useful as an early response biomarker in patients with glioblastoma.
Discussion
Results from the current study support the hypothesis that CEST imaging of the amine protons in solution can be used as a noninvasive pH-weighted MRI technique for human and preclinical investigation of malignant gliomas. CEST MRI provides molecular information about imaging targets that cannot be obtained with standard anatomical imaging techniques. In this study, we quantified the effects of pH and concentration on the CEST signal obtained from the amine functional group, whose protons exchange at a much faster rate (in thousands of Hz) than amide protons in the more commonly used "amide proton transfer," or APT, technique ( 30 Hz) . CEST contrast as defined by MTR asym at 3.0 ppm was shown to increase with both an increase in amino acid concentration and a decrease in pH within a physiologically relevant pH range for cancer tissues ( 6.0 to 7.0 pH). This CEST technique was then implemented in glioblastoma multiforme (GBM) patients to determine whether CEST targeted to the amino acid amine group could provide a pH-weighted biomarker in preclinical models and human tumors.
Although the majority of CEST phantom studies in recent years have targeted proteins or creatine, a select few amino 27 characterized the CEST signature of glutamate phantoms and a rat stroke model at 7T, demonstrating that the CEST signal at 3.0 ppm increases with decreasing pH and increasing concentration, consistent with our findings. In separate studies, Cai et al, 28 Kogan et al, 29 Jin et al, 30 and Jones et al 31 all observed a similar relationship between increasing CEST asymmetry at 3 ppm and decreasing pH at 7T. However, to our knowledge, our study is the first to demonstrate that the CEST signature of amino acid amine protons can be used as pH-weighted contrast at the more common clinical scanner strength of 3T. Additionally, the current study further documents the CEST signatures for additional amino acids, including glycine and phenylalanine, as well as implements an amino acid amine -targeted CEST technique in both preclinical and human brain tumors, which has not been previously reported.
Other studies have explored CEST imaging in human GBM for contrast mechanisms such as APT and nuclear Overhauser enhancement (NOE). For example, Togao et al 32 and Zhou et al 33 showed that APT can stratify patients by tumor grade and differentiate between radiation necrosis and active tumor, respectively. Additionally, Paech et al, 34 Zaiss et al, 35 and Xu et al 36 cleverly exploited the NOE effect at high magnetic fields to show novel contrast within active tumor tissues. These studies, however, were performed at high magnetic field strengths (.7T) where NOE and other contrast mechanisms can influence the underlying CEST signal. Thus, the current study, performed at 3T, appears to provide unique molecular information beyond that of APT or NOE. While APT imaging has become the most prevalent CEST technique implemented in the clinical setting, the slow exchange rate of the amide protons often necessitates a saturation pulse on the order of seconds to generate sufficient contrast. 37 Targeting the faster exchanging amine protons at 3.0 ppm allows for faster saturation of the target protons and shorter scan times per acquisition compared with APT. Further, APT has been shown to decrease with decreasing pH, making sensitivity to acidic tissue difficult to distinguish from other relaxation mechanisms. 31, 38 In comparison, amine CEST effects increase with increasing amino acid concentration and decreasing pH, both conditions that are found in active tumor tissue. However, it is important to note that the increasing effect of amine concentration on the CEST signal only occurs in the presence of a low pH, suggesting that amine CEST may act like a noninvasive "litmus test" for identifying acidic tissues.
There were a few limitations to the current study that should be addressed. As our CEST acquisition contained only a few image slices, we were not able to collect pH-weighted coverage of the full tumor. Future technical improvements to our sequence will allow full brain coverage by leveraging new acceleration techniques. Additionally, the CEST data may be affected by the T2 properties of the tissue in addition to exchange properties, although our identification of hyperintense pH-weighted regions not corresponding to T1 or T2 lesions indicates that mechanisms besides relaxivity are likely responsible for the observed contrast. Finally, although we had 20 patients with serial pH-weighted imaging, we had only 2 patients in which biopsy data were available; a larger cohort of biopsy cases is warranted to correlate histology with pH-weighted imaging. 
